All-optical signal processing is an approach used to dramatically decrease power consumption and speed up the performance of next-generation optical telecommunications networks [1] [2] [3] . Nonlinear optical effects such as four-wave mixing and parametric gain have been explored to realize all-optical functions in glass fibres 4 . An alternative approach is to use nanoscale engineering of silicon waveguides to enhance optical nonlinearities by up to five orders of magnitude 5 , enabling integrated chip-scale all-optical signal processing. Four-wave mixing within silicon nanophotonic waveguides has been used to demonstrate telecom-band (l ≈ 1,550 nm) all-optical functions including wavelength conversion 6-9 , signal regeneration 10 and tunable optical delay 11 . Despite these important advances, strong two-photon absorption 12 of the telecomband pump presents a fundamental obstacle, limiting parametric gain to values of several decibels 13 . Here, we demonstrate a silicon nanophotonic optical parametric amplifier exhibiting broadband gain as high as 25.4 dB, using a mid-infrared pump near one-half the bandgap energy (E ≈ 0.55 eV, l ≈ 2,200 nm), where parasitic two-photon absorption-related absorption vanishes 12, 14, 15 . This gain is high enough to compensate all insertion losses, resulting in 13-dB net off-chip amplification, using only an ultra-compact 4-mm silicon chip. Furthermore, engineering of higher-order waveguide dispersion 16 can potentially enable mid-infrared-pumped silicon parametric oscillators [17] [18] [19] and amplifiers for telecom-band optical signals. Going beyond its significant relevance to the field of all-optical signal processing, the broadband parametric amplifier demonstrated here also facilitates the simultaneous generation of multiple on-chip mid-infrared sources through cascaded four-wave mixing (FWM), covering a 500-nm spectral range. Together, these results provide a foundation for the construction of silicon-based roomtemperature mid-infrared light sources including tunable chipscale optical-frequency combs 20 and supercontinuum generators 21 . In this manner, silicon nanophotonic technology may be extended to an entirely new class of mid-infrared applications [22] [23] [24] , including biochemical detection, environmental monitoring and free-space communication, for which an integrated on-chip platform can be of great benefit.
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To achieve large, broadband nonlinear parametric gain in silicon, the FWM process 25 relies upon precise phase matching between the co-propagating pump, signal and idler waves, as well as the presence of a strong nonlinear interaction, described by the effective nonlinearity parameter g. In addition, the intrinsic nonlinear figure of merit (FOM) of silicon is n 2 /(b TPA . l), where n 2 is the intensitydependent refractive index and b TPA is the two-photon absorption (TPA) coefficient. Ideally, FOM should be as large as possible. Although a large TPA coefficient restricts FOM to values less than 0.4 near l ¼ 1,550 nm, at mid-infrared wavelengths approaching the TPA threshold of silicon at l ≈ 2,200 nm, the FOM can increase by as much as a factor of ten to FOM . 4. The mid-infrared is therefore a highly promising spectrum for realizing chip-scale silicon nanophotonic all-optical devices for which the performance is no longer restricted by parasitic nonlinear absorption.
The essential dispersion and nonlinearity characteristics for a mid-infrared silicon nanophotonic waveguide were engineered through a comprehensive multi-parameter design-space study, encompassing the nanoscale silicon core dimensions, the cladding refractive index and the waveguide mode polarization (see Supplementary Information). The resulting geometry ultimately selected for fabrication is shown in the scanning electron microscopy (SEM) cross-sectional image in Fig. 1a . The silicon waveguide core has dimensions of 700 nm × 425 nm, and is designed to operate in the fundamental quasi-transverse magnetic (TM) mode near l ¼ 2,200 nm, as illustrated by the overlaid mode field profile. The nanoscale-engineered optical structure is precisely controlled using a combination of silicon epitaxy, deep-ultraviolet lithography, reactive ion etching and dielectric deposition, within an advanced complementary metal-oxide-semiconductor (CMOS) fabrication facility (see Supplementary Information) .
The calculated dispersion coefficient D and effective nonlinearity parameter g for this specific silicon nanophotonic waveguide configuration are plotted in Fig. 1b , illustrating the mid-infrared spectral dependence near the TPA threshold of silicon. The dispersion is designed to be zero at a wavelength of l ¼ 2,260 nm. The pump wavelength is chosen to be l ¼ 2,170 nm so that the nanophotonic waveguide has anomalous dispersion conditions with D ¼ 1,000 ps nm 21 km 21 , as required for broadband phase matching 25 . Strong optical confinement of the quasi-TM mode to the 0.3-mm 2 silicon core results in a large effective nonlinearity of g ¼ 110 W 21 m 21 at l ¼ 2,170 nm, a value more than ten times larger than that of planar chalcogenide glass waveguides 26 , and four orders of magnitude larger than that of highly nonlinear optical fibre 4, 27 . The mid-infrared nonlinear characteristics of a 4-mm-long silicon nanophotonic waveguide were studied by simultaneously injecting picosecond pump pulses centred at l ¼ 2,170 nm together with a continuous-wave (c.w.) tunable mid-infrared laser signal, and observing the resulting FWM at the waveguide output (for experimental details see Methods). The peak coupled pump power at the waveguide input was P p ≈ 27.9 W, and the input signal power P sig was kept below 0.45 mW. For each spectrum shown in Fig. 1c , two photons from the high-intensity pulsed pump mix with a single photon from the tunable c.w. signal to generate a wavelength-converted idler photon, at a wavelength dictated by energy conservation 25 . The FWM process also produces an additional photon at the signal wavelength, which can ultimately contribute to signal amplification. Owing to the pulsed nature of the pump, the generated idler and amplified signals also occur as short pulses.
The FWM spectra in Fig. 1c were analysed to extract the on-chip parametric signal gain and idler conversion gain values plotted in Fig. 1d (see Methods). The experimental data reveal that the engineered silicon nanophotonic waveguide successfully functions as a mid-infrared optical parametric amplifier (OPA), with very large maximum signal and idler gain values of 24 and 25.4 dB, respectively. Moreover, the on-chip parametric gain is significant enough to overcome substantial fibre-chip coupling losses (blue curve), demonstrating net off-chip gain as large as 10 dB for the signal and 13 dB for the idler. The overall on-chip gain bandwidth spans the range from 2,060 to 2,280 nm, with the two prominent gain peaks coinciding with the envelopes of the pulsed signal and idler spectra in Fig. 1c . The maximum parametric gain obtained using our ultra-compact 4-mm device was more than 100 times larger than that previously observed in a 17-mm-long silicon waveguide pumped near l ¼ 1,550 nm, where gain was limited to 3 dB because of strong TPA-induced saturation effects 13 . By operating the pump at longer wavelengths in the mid-infrared, we have realized a chip-scale silicon nanophotonic OPA that breaks the limits set by TPA nonlinear absorption.
Additional experiments were carried out with the input signal tuned to the gain peak at l ¼ 2,238 nm to thoroughly characterize the OPA input 2 output and gain saturation characteristics. Figure 2a plots the output peak signal and idler power versus input signal power, with pump power P p ≈ 27.9 W. The dashed fit lines highlight linear amplification over a dynamic range significantly larger than 30 dB, with signal and idler gains of 23.4 dB and 24.7 dB, respectively. Figure 2b plots on-chip signal/idler gain versus input pump power, with signal power P sig ≈ 0.39 mW. The intersection with the dotted line illustrates that on-chip transparency is reached with a pump power near P p ≈ 7.5 W. These pump requirements may be reduced by increasing the waveguide length, or by suitable nanoscale engineering of the waveguide cross-section to increase the effective nonlinearity. Figure 2b also shows that saturation does not begin until P p ≈ 19 W, at which point signal and idler gain both exceed 20 dB. The measurements reveal that this gain saturation is strongly correlated with self-limiting of the transmitted pump power, as shown by the black open Figure 2 | Mid-infrared optical parametric amplifier performance characteristics. a, Output peak signal/idler power versus input signal power at l ¼ 2,238 nm and peak pump power P p ≈ 27.9 W. Measurements show a linear amplifier response over a dynamic range .30 dB. b, On-chip signal/idler gain versus input peak pump power, input signal power P sig ≈ 0.39 mW at l ¼ 2,238 nm. Transparency was reached at P p ≈ 7.5 W. c, Output peak pump power versus input peak pump power. Experimentally measured data points are shown by black squares. The blue dash 2 dotted and red dashed curves illustrate simulated transmission models accounting for nonlinear loss from TPA only and TPA-plus-3PA, respectively. squares in Fig. 2c . Numerical models used to assess the origin of this self-limiting (see Methods) reveal that a residual TPA coefficient 15 of b TPA ¼ 0.106 cm GW 21 cannot alone account for the observed saturation at high input pump power (blue dash2dotted curve). The significantly reduced value of b TPA at l ¼ 2,170 nm, approximately seven times smaller than at l ¼ 1,550 nm, suggests that higher-order nonlinear absorption dominates under these OPA operating conditions. The red dashed curve in Fig. 2c shows that when a three-photon absorption (3PA) coefficient 28 of g 3PA ¼ 0.025 cm 3 GW 22 is included in the simulation together with TPA, the model accurately predicts the experimental trend. However, even though 3PA is expected to play a role up to l ≈ 3,300 nm, the characteristics of the OPA demonstrated here clearly illustrate that nonlinear absorption no longer presents a significant obstacle to obtaining parametric gain large enough for practical applications in all-optical signal processing [1] [2] [3] . The large on-chip parametric gain produces amplified picosecond signal and idler pulses having a peak power of several hundred milliwatts within the silicon nanophotonic OPA, which can themselves mix with the pump to efficiently generate new wavelengths through cascaded FWM. As shown by the spectrum in Fig. 3 , four orders of cascaded mixing products (numbered peaks 3-9) spanning a spectral bandwidth of 500 nm are observed when the pump (peak 1) is operated at l ¼ 2,180 nm (P p ≈ 21.8 W), and the signal (peak 2) is tuned to l ¼ 2,240 nm with an increased input power of P sig ≈ 4.4 mW. Although on-chip parametric gain under these conditions is restricted to the spectral range 2,086 nm , l , 2,273 nm (hatched region), an analysis of the wavelength conversion efficiency at each cascaded mixing peak can assist in further quantifying the OPA characteristics within the regions that experience no gain. For example, the various FWM combinations that can give rise to peak 5 are listed in Table 1 . As depicted by the inset energy diagram in Fig. 3 , the most sensible dominant term originates from non-degenerate FWM of peaks 1 and 3 as pumps, leading to wavelength conversion of a signal at peak 4 into an idler at peak 5. The conversion efficiency for this mixing term is approximately 212 dB. Applying a similar approach, the conversion efficiencies for peaks 6-9 range from 24 to 29 dB, values approximately 8-10 dB larger than those observed in recent silicon mid-infrared wavelength conversion experiments 29, 30 . These results illustrate that even far outside the parametric gain bandwidth, the present silicon nanophotonic OPA design can be used as a power-efficient generator of broadband mid-infrared white light and/or multi-line sources.
Taken together, the results above provide strong encouragement for a broad extension of the capabilities of the integrated silicon nanophotonic platform into the mid-infrared spectrum. Making use of the ultra-compact high-gain OPA demonstrated here, a direction of immediate interest is the introduction of resonant feedback to develop a silicon-based, low-threshold, highly portable optical parametric oscillator 17 (OPO). Novel broadband room-temperature light sources such as these would have wide-ranging applications in midinfrared spectroscopy, sensing and free-space communication [22] [23] [24] .
Methods
Waveguide characterization and FWM measurements. Silicon nanophotonic waveguide propagation losses near l ¼ 2,200 nm were measured using the cutback method, by measuring transmission of broadband amplified spontaneous emission (ASE) from the tunable mid-infrared c.w. laser (Photonics Innovations SFTL; Cr 2þ :ZnSe polycrystal with erbium-fibre laser pump source) through waveguides having various lengths from 4 to 45 mm. Unpolarized emission from the laser operating below threshold was coupled into a single-mode fibre using a microscope objective and micropositioner stage. Lensed tapered fibres were aligned to the silicon nanophotonic waveguide facets with x-y-z piezoelectric positioners for on-/off-chip coupling. Transmission spectra at the waveguide output were characterized with a mid-infrared optical spectrum analyser (Yokogawa AQ6375) operating at 1-nm resolution bandwidth. The propagation loss varied from 4 dB cm 21 at 2,030 nm to 10 dB cm 21 at 2,500 nm, with an uncertainty of +2.5 dB cm
21
. The increased propagation losses at longer wavelengths were probably due to elevated optical absorption in the silica waveguide cladding materials 22 . Subtracting the linear propagation loss from the total measured fibre-to-fibre insertion loss, a coupling loss from the lensed fibre into the silicon nanophotonic waveguide of 6.5+1 dB/facet was estimated.
For the FWM experiments, collimated beams from the mid-infrared picosecond pulsed pump (mode-locked Ti:sapphire-pumped Coherent Mira-OPO system, full-width at half-maximum (FWHM) ≈ 2 ps, repetition rate ¼ 76 MHz) and c.w. tunable signal lasers first passed through variable neutral density filters for power control, and were then coupled into separate single-mode fibres. The pump and signal were multiplexed using a fused fibre directional coupler (99:1 ratio for parametric gain measurements, 90:10 ratio for cascaded FWM measurements). The combined optical power was coupled into a 4-mm-long waveguide using lensed tapered fibres. Polarization controllers were used to co-polarize both pump and signal to selectively excite the fundamental quasi-TM waveguide mode.
Extraction of parametric conversion efficiency and signal gain. The peak power of the converted idler pulse at the output of the silicon nanophotonic waveguide, P idler_out , was derived from the measured FWM spectra according to P idler_out ¼ F( P idler_avg (l)dl). To convert the time-averaged idler power P idler_avg measured by the OSA into peak power, the spectrally integrated power was weighted by the duty cycle factor F ¼ 1/(76 MHz . 2 ps), due to the pulsed nature of the experiment. A similar procedure was applied to find the pulsed signal output power P signal_out . A 2-nm-wide band-stop filter was first numerically applied to the time-averaged signal spectrum to (conservatively) exclude the power remaining Possible FWM combinations are labelled according to the role of each numbered peak in the FWM process. The power in each peak is evaluated as described in the Methods. The effective pump power is given by p (P pump1 P pump2 ). The conversion efficiency is defined as the ratio of idler and signal power, P idler /P signal . Mixing terms that suggest a conversion efficiency greater than zero, that is, idler conversion gain, are ruled out by the fact that peak 5 lies outside the experimentally determined gain bandwidth. The dominant source for peak 5 probably originates from the remaining combination with the largest effective pump power, that is, combination 5:3,1,4.
in the narrowband c.w. tone. The peak signal power was then computed according to P signal_out ¼ F( P signal_filtered_avg (l)dl). Finally, to find the c.w. signal power at the waveguide input P signal_in , the output c.w. signal power was measured (with the pump off ) and corrected to account for total propagation losses of a dB incurred through the 4-mm-long device, P signal_in ¼ 10 a/10 ( P signal_out_pump_off (l)dl). Using the above quantities, the on-chip idler conversion gain h was then defined as the ratio of peak idler power and input c.w. signal power, h ¼ P idler_out /P signal_in . Accordingly, on-chip signal gain was given by G ¼ P signal_out /P signal_in . The error bars in the on-chip parametric gain data are derived from the uncertainty in the total propagation loss a, as well as the contribution of the OSA noise floor accumulated when integrating the signal/idler power at the waveguide output. Additional details on the estimation of error bars are included in the Supplementary Information.
Numerical simulations of pulse propagation and TPA/3PA coefficient fitting. A perturbed nonlinear Schrödinger equation (NLSE) model 5 was used to simulate the pulse dynamics in the silicon nanophotonic waveguide. The underlying NLSE was solved with a split-step Fourier transform technique, in which the linear part of the NLSE was solved in the Fourier domain, and the nonlinear part was solved in the time domain with a fourth-order Runge-Kutta method. Nonlinear loss mechanisms including TPA, 3PA and related free-carrier absorption (FCA) were taken into account. The TPA and 3PA coefficients were varied within the range of experimental uncertainty in the bulk silicon data 15, 28 to best fit the measured pump self-limiting curve. All other parameters, including waveguide dispersion, effective nonlinearity, propagation loss and input power, were matched to the corresponding experimental conditions.
